1986.-Recent evidence indicates that leukocyt.es (LEU) are large, stiff, viscous cells that naturally adhere to vascular endothelium.
Their broad role in the early myocardial microvascular response to acute ischemia was suggested by 2) the role of leukocyte capillary plugging in the noreflow phenomenon, 2) resistance increases in skeletal muscle with LEU infusions, and 3) salvage of ischemic myocardium by anti-LEU agents. We perfused the coronary circulation under matched, controlled conditions with whole blood or granulocyte-depleted whole blood. During 1 h of ischemia (left anterior descending occlusion) circumflex perfusion pressure was servocontrolled to a constant value. In whole blood-perfused hearts, flow measured by the radiolabeled microsphere method decreased in endocardium from 0.12 -t 0.05 at 5 min of ischemia to 0.09 t 0.04 ml. min-' *g-l at 60 min of ischemia and in epicardium from 0.27 t 0.17 to 0.21 * 0.16 mlmin-l-g-', both P < 0.05. In granulocyte-depleted blood-perfused hearts, flow increased over the same period from 0.18 & 0.15 to 0.29 & 0.18 ml. min-' l g-l in endocardium (P < 0.05) and did not change significantly in epicardium (0.36 k 0.22 to 0.41 t 0.24 ml' min-' *g-l). The LEU-depleted blood perfusate contained less than 33 granulocytes/pl, whereas control perfusate contained 4,265/p1.
Reperfusion at normal pressures with carbon suspension allowed for histologic evaluation of the no-reflow phenomenon. With whole blood perfusion the no-reflow phenomenon in the endocardium was present with 27% of capillaries occluded, compared with nearly complete reperfusion in LEUdepleted animals (1% of capillaries occluded, P < 0.05). Furthermore, LEU depletion prevented the increases in tissue water content seen in control hearts and decreased the incidence of ventricular
arrhythmias. These studies demonstrate the significant participation of granulocytes in the unfavorable responses of flow, edema formation, and arrhythmias to the 1st h of myocardial ischemia and further document their role in the no-reflow phenomenon. ing population of inflammatory cells at the margin of the infarct progresses toward the center as necrosis and repair progress in the same direction. However, recent evidence suggests a broader and earlier leukocyte participation in the acute injury process, and these cells may be a mediator of cell damage during ischemia (3, 5, 12, 32, 37).
Leukocytes are large, stiff, and viscous cells which naturally adhere to vascular endothelium (1, 34, 35). Their capillary transit times are longer than those of red cells and, under a reduced perfusion pressure or chemotactic stimulation, they may no longer traverse the capillary and become stuck (3, 5, 8, 12, 26, 28, 39). Recently we showed that leukocytes are trapped in myocardial capillaries beginning at the time of coronary occlusion and that further delivery and accumulation of leukocytes by collateral flow during myocardial ischemia results in leukocyte capillary plugging, which was also shown to be a major mech'&ism in the no-reflow phenomenon (12), as defined by Kloner et al. (24) . Although the number of leukocytes thus trapped may be small, the potential that these trapped cells may have for mechanically obstructing flow and leading to progressive deterioration in collateral blood flow requires consideration.
It has been shown by intravital microscopy that granulocytes carried by the blood cause a substantial increase in the microvascular resistance in skeletal muscle and brain and may cause permanent plugging of single-file capillaries during hypotensive perfusion (3, 5, 39). Thus the progressive increase in coronary vascular resistance that occurs during ischemia (14, 17, 18) might be mediated by progressive entrapment of leukocytes in the microcirculation. Granulocytes may also play an important role in edema formation during acute injury (37). Since edema may effect vascular resistance, this could be an indirect effect on vascular resistance mediated by leukocytes.
A crucial test of these hypotheses would be to study responses to myocardial ischemia in the absence of granulocytes. For this purpose we have developed a model of myocardial ischemia in granulocyte-depleted hearts. The objective of this study was to investigate the no-reflow phenomenon and the elevation of coronary vascular re-H315 sistance and edema formation during 1 h of regional myocardial ischemia in the granulocyte-depleted heart.
METHODS

Animal preparation
and leukocyte depletion. The goal of the preparation was to perfuse the coronary circulation with either whole blood or leukocyte-depleted blood during a 1-h period of ischemia. For this purpose, 31 mongrel dogs were studied with carotid-coronary extracorporeal circulation.
Leukopak filters (Baxter-Travenol) were used in-line to decrease the granulocyte count in one group of animals, and no filters were used for control studies in an otherwise identical preparation. Initially animals were randomized; however, in the face of high mortality in control animals, additional planned controls were added toward the end of the studies. A left thoracotomy was performed with pentobarbital sodium anesthesia, 30 mg/kg, and the heart was suspended in a pericardial cradle. The proximal circumflex and left anterior descending coronary arteries were dissected free.
A cannula in the right femoral artery was used to measure aortic pressure with a Statham 23Db pressure transducer. Venous access was obtained through a femoral vein. Limb lead II of the electrocardiogram was monitored. Coronary perfusion pressure was measured in the coronary cannula, just proximal to insertion in the coronary artery by use of a Statham 23Db pressure transducer. All signals were recorded on a Brush eight-channel physiological recorder.
The extracorporeal circulation apparatus was prepared as shown in Fig. 1 . A large-bore cannula (3 mm ID) was inserted in the carotid artery to provide arterial blood. This blood was pumped with a Sarns roller pump, through either Leukopak filters, four filters arranged in two parallel sets, or Tygon tubing in the control studies. Blood was collected in a small reservoir that was maintained at 37°C by a water bath. Blood was withdrawn from this reservoir through Tygon tubing past an injection port for radiolabeled microspheres. Next, the blood passed through a mixing chamber consisting of an inverted lo-ml tube that was agitated by a Vortex mixer during microsphere flow measurements. A withdrawal port downstream from the mixing chamber provided the reference blood flow for the radiolabeled microsphere coronary blood flow measurements (11, 21). The perfusion line was then divided into two Sarns roller pumps, one each for the circumflex and left anterior descending coronary arteries. The circumflex coronary artery pump was controlled by an analog feedback circuit to maintain a constant circumflex perfusion pressure. This pressure level was adjusted to 40-50 mmHg above aortic systolic pressure, which resulted in a mean pressure in the perfusion line 60 mmHg above aortic mean pressure. A maximum of 45-mmHg pressure drop existed across these cannulas at average coronary flow rates. In each coronary perfusion line, a lo-cm piece of rubber tubing served to damp the pressure pulsations from the roller pumps. This resulted in less than 30 mmHg pressure oscillation in the perfusion line. The extracorporeal circuit was primed with fresh whole blood from a donor dog and was equilibrated with the animals' circulation by circular pumping from the carotid artery to the femoral vein for at least 15 min prior to coronary cannulation.
Coronary cannulas were constructed from vinyl tubing (BD) with a total resistance between 0.2 and 0.4 mmHg* min. ml? The proximal left anterior descending and circumflex coronary arteries were ligated. A cannula was inserted just distal to the ligation through a small arteriotomy in each vessel. Cannulation time generally took from 45 s to 2 min and seldom exceeded 3 min. After the animal was stabilized on the extracorporeal coronary circulation for at least 20 min, blood samples were drawn from the femoral artery and the coronary perfusion lines for determination of hematocrit, platelet count, total white blood cells, and differential count. A second sample was drawn at the end of the ischemic period.
The left anterior descending pump was then stopped for 1 h to induce ischemia in the left anterior descending coronary artery distribution.
Five minutes after the beginning of ischemia, regional coronary blood flow was measured with the radiolabeled microsphere technique. A second labeled microsphere injection was made after 1 h of myocardial ischemia.
Regional blood flow measurements. Labeled microspheres were agitated in a Vortex mixer for 5 min prior to injection. The injected dose was calculated to deliver 1,000 labeled microspheres in a flow region of 0.1 ml l min-l l g-l of myocardial tissue. Thus we were able to measure myocardial blood flows down to approximately 0.05 ml l min+ l g-l with accuracy (11). The reference withdrawal was begun just prior to microsphere injection and continued for 2.5 min. In pilot experiments using duplicate withdrawals and longer withdrawal times, we could demonstrate that our perfusion system caused washout of all microspheres within 2.5 min and that matched, simultaneous withdrawal syringes yielded virtually identical results.
Arrhythmias. Lead II of the electrocardiogram was monitored continuously. All premature ventricular depolarizations from the onset of ischemia to 1 h of ischemia were counted. Runs of three or more premature depolarizations in a row were considered ventricular tachycardia. No attempt at resuscitation was made in animals that had ventricular fibrillation.
No antiarrhythmic medications were administered. The only drugs given to the animals were pentobarbital and heparin. Reflow studies. In three leukocyte-depleted and two control animals, reperfusion was performed in order to evaluate the presence or absence of the no-reflow phenomenon. Myocardial reperfusion was achieved by turning on the left anterior descending pump for 5 min. Thereafter, the reservoir was depleted of blood and filled with lactated Ringer solution followed by carbon suspension in lactated Ringer solution. Reperfusion was performed at 130 mmHg, to obtain approximately 90 mmHg coronary artery perfusion pressure. This was the coronary perfusion pressure used in our previous experiments on the no-reflow phenomenon (12 reperfused with 1 liter of clear Ringer lactate, followed justed to pH 7.4 and 350 mosmol. The biopsy specimens by I liter of carbon suspension. These animals were not were postfixed in 1% osmium tetraoxide, dehydrated in used in the flow and tissue water content analysis. graded ethanol, and embedded in araldite resin. The Hearts were then excised and rinsed with normal sa-tissue blocks were oriented so that the main fiber direcline. The left ventricle was cut perpendicular to the long tion was parallel to the edge of the block. Sections of 1 axis in I-cm-thick slices. Slices were rinsed in distilled pm thickness were made and stained with 1% toluidine water and blotted dry. The anterior, lateral, and posterior blue. These biopsies were analyzed in blinded fashion. walls of the left ventricle were divided into ischemic, Only one section from each biopsy was used for analysis. marginal, and normal areas, and each area was divided Sections were viewed through a light microscope with oil into subendocardial and epicardial halves. The intervenimmersion objectives (x50, NA 1.30; x100, NA 1.32) and tricular septum was excluded from the analysis. Tissue 10x eyepieces. The microscope was on an air-suspended samples ranged from 500 to 900 mg wet weight. Samples table. A television camera with video monitor or a caliwere placed in previously tared gamma well scintillation brated eyepiece were used for measurements. This systubes and immediately reweighed to determine the tissue tern permits optimal light microscopic resolutions of wet weight. Samples were then counted in a Packard myocardial capillaries, endothelial cells, leukocytes, autogamma scintillation spectrometer.
erythrocytes, platelets, and carbon particles. All cells The tissue was then lyophylized for 48 h at 10e6 were identified by direct visualization, and the television atmospheres to determine dry weight. The tissue water monitor was used only for measurements. All measurecontent was calculated as wet weight minus dry weight ments were calibrated with a 2-mm micrometer scale divided by dry weight. The five reflow animals were not with O.OlO-mm divisions. Most sections contained lonused in the analysis of tissue water content, gitudinal and some cross-sectional fiber orientation, but Tissue histology. In the animals that were studied for only areas with long segments of capillaries (at least 50 assessing the no-reflow phenomenon, from tissue sam-pm) were used for analysis. Areas where fibers and capples to be used for flow analysis, a small biopsy was illaries were cut obliquely were excluded. trimmed and coded for future identification. Six samples
The objective of the measurements was to obtain an from each of four areas (normal and ischemic, endocar-average frequency of leukocytes in capillaries and the dial, and epicardial) were obtained. These biopsies were fraction of capillaries that were plugged (no-reflow) in fixed overnight in 2.5% glutaraldehyde (pH 7.4, 350 each biopsy specimen (12). mosmol) and washed with cacodylate buffer, also ad-
The section was scanned and counted in a systematic pattern similar to the roster lines in television so that all capillaries in the section were counted. In longitudinal areas (where long sections parallel to the fibers were present), the length of each individual capillary segment on t,he section was measured, the length occupied by each leukocyte was measured, and the presence or absence of erythrocytes and carbon was recorded. If carbon was seen anywhere in the capillary, the entire capillary was considered as perfused. If no carbon was seen in the capillary, the capillary was considered not perfused. These measurements were summed for the entire section. For each biopsy section the sum of all longitudinal measurements for the entire section was considered to be one sample. Only biopsy sites with more than 0.5 mm total capillary length measurement were included. Criteria for identification of leukocytes were as follows: the leukocyte nucleus and/or cytoplasm had to be recognizable, together with the surrounding endothelial cell. Histological analysis proceeded as in our previous studies (12). The capillary length on the entire biopsy was summed (L,). The length of all capillaries containing carbon (L,) and the length of all leukocytes (L,) were determined in a similar fashion. The ratio of total leukocyte length to total capillary length (leukocyte frequency LJL,) and the fraction of total capillary length with reflow L,/L, (reflow length/total length) was calculated for each biopsy. These two ratios were used to test the hypothesis that the fraction of reflow capillaries would be altered by leukocyte depletion.
Statistical analysis. After determination of regional myocardial blood flow, all biopsies were confirmed as being either ischemic or normal, on the basis of the following criteria. A subendocardial flow within 20% of the mean flow from the normal posterior wall was considered normal, and a flow lower than 80% of the mean normal flow was considered ischemic (15). All subendocardial ischemic flows were less than 0.5 ml* min-' -g-l.
Marginal areas were excluded from analysis, since these areas may contain overlap of both normal and ischemic tissue. The area of the interventricular septum was excluded from the analysis because of occasional small amounts of blood supply from the right coronary artery or a high septal branch proximal to the cannula. When present, this was grossly apparent as an area not stained by carbon black particles during the reperfusion experiment,s.
In the experiments without reperfusion, we measured the t,otal left ventricle analyzed (excluding the septum) and the total ischemic area in each animal on the basis of' tissue weight, in order to test whether the ischemic area was the same proportion of the left ventricle in both groups.
Within each animal in each region (ischemic or normal, and endocardial or epicardial), the mean and the median values of flow and tissue water content were nearly identical, indicating that the mean can be used as a measure of average sample properties and that the number of samples was similar. Therefore, the mean values for each animal were used as individual data points in the analysis of variance for all animals, despite t.he fact that a different number of biopsies were obtained in each animal. Statistical analysis of changes in regional blood flow, left anterior descending coronary artery pressure, and aortic pressure were compared by analysis of variance for repeated measures. The fraction of reperfused capillaries, the frequency of leukocytes in capillaries, and whether or not the animal was leukocyte depleted or control, was studied by one-way analysis of variance. Hematological parameters were compared by Student's unpaired t test. The frequency of premature ventricular beats was compared by t test after log transformation.
RESULTS
Blood counts. Hematological parameters at the onset of ischemia are shown in Table 1 . The femoral artery blood was sampled as representative of blood entering the perfusion system. The femoral artery hematocrit was slightly but significantly lower in the leukocyte-depleted animals than in the control animals. The platelet count in the femoral artery was reduced in the leukocytedepleted animals by approximately 50% below that of control animals, but remained well within the normal range. In the coronary perfusion line, platelet count tended to be less in the leukocyte-depleted animals than the control animals, but this did not reach statistical significance. The white blood cell count was significantly reduced from 5.5 t 4.0 x lO'/mm" compared with 1.1 t 0.8 x lO"/mm" in the leukocyte-depleted animals. Furthermore, the percentage of polymorphonuclear leukocytes was nearly zero in the leukocyte-depleted animals, indicating that the filter system selectively and nearly completely removed granulocytes. The remaining white blood cells in the coronary perfusion line were predominantly lymphocytes.
Verxtricular arrhythmias. There was a significant effect of leukocyte depletion on acute survival of the animals. One of the eleven leukocyte-depleted animals had ventricular fibrillation during the 1 h of ischemia, whereas 11 of 20 control animals had primary ventricular fibrillation (x" = 6.58, P < 0.01). Among animals that survived the 1 h of ischemia the frequency of premature ventricular beats (PVC) was 21.1 t 8.7 PVC/h in leukocytedepleted and 115.7 t 34.4 PVC/h in control animals; P < 0.05. None of the leukocyte-depleted animals had (Fig. 2) .
Perfusion pressures. Hemodynamic changes during the 1 h of ischemia are recorded in Table 2 . There were no significant changes in aortic pressure, distal left anterior descending coronary artery pressure, or circumflex perfusion pressure during the 1 h of myocardial ischemia. There were no significant differences in these pressures between control and leukocyte-depleted animals.
Flow. The mean flow values for the ischemic and normal areas for all animals are shown in Fig. 3 . In every control animal ischemic endocardial and epicardial mean flow remained unchanged or decreased from 5 to 60 min of ischemia. In every leukocyte-depleted animal, ischemic endocardial flow increased and ischemic epicardial flow increased or was unchanged in most animals. The mean value of flow for each animal at each time and region was used for the repeated-measures analysis of variance (Fig. 4) . The change in mean flow to the ischemic area was directionally opposite in the two groups of animals: control endocardium decreased from 0.12 t 0.05 to 0.09 & 0.04 ml*min-' l 8-l (P < 0.05), whereas leukocyte-depleted endocardium increased from 0.18 t 0.15 to 0.29 $-0.18 ml. rnin-lag-l (P < 0.05). Ischemic epicardial flow decreased significantly in control animals from 0.27 + 0.17 to 0.21 t 0.16 ml min-'*gB1, (P < 0.05), but was - unchanged in leukocyte-depleted animals from 0.36 t 0.22 to 0.41 t 0.24 mlgmin-f l 8-l (P < 0.05; Fig. 4) . Mean flow to the normal endocardium increased in control animals from 1.20 t 0.21 to 1.59 t 0.42 (P < 0.05) but was unchanged in leukocyte-depleted animals from 1.65 t 0.66 to 1.52 t 0.52. In normal epicardium the mean flow did not change from 5 to 60 minutes: 1.12 * 0.32 to 1.37 t 0.47 in control animals 1.47 t 0.76 to 1.32 t 0.42 in leukocyte-depleted animals.
Ischemic area. The ischemic area (flow less than 80% of normal) was 58 t 06% of the left ventricle free wall in control animals and 52 t 06% in leukocyte-depleted animals (NS). The septum was not included in the analysis because of possible exclusion of the septal artery and right coronary artery collaterals from the microsphere flow measurements.
Histology. Histological analysis of the reperfused animals indicated that leukocyte depletion dramatically reduced the no-reflow phenomenon. The mean fraction of reperfused capillary length (L&J was 0.73 t 0.15 in control endocardium and 0.99 t 0.02 in leukocyte-depleted animals, P c 0.05 (Table 3 , Fig. 5 ). In the ischemic epicardium the fraction of reperfused capillaries in the control animals was 0.76 t 0.17, and in leukocyte-depleted animals it was 0.95 k 0.12, P c 0.05. There was nearly complete reflow in the normal areas with a reflow fraction of 0.99 in all animals. Intravascular leukocytes were rare in the leukocyte-depleted animals; the mean leukocyte frequency per section was less than 3.8 x 10B3 in both endocardium and epicardium. There were significantly more leukocytes in the ischemic endocardium (19.5 & 15.2 x 10c3) and epicardium (19.5 t 9.5 x 10m3) of control animals P < 0.05 (Table 3) .
Tissue water content. In six of seven control animals, tissue water content in ischemic myocardium was increased, compared with normal myocardium (P c 0.05), but in six of seven leukocyte-depleted animals this increase in tissue water was not seen. The normalized mean tissue water content in each animal was calculated as ischemic area/normal area for endocardium and epicardium (Fig. 6) . The normalized tissue water content in leukocyte-depleted endocardium was 1.00 & 0.06, and in control animals it was 1.10 & 0.09 (P < 0.05; Fig. 6 ). In leukocyte-depleted epicardium, normalized tissue water content was 0.97 t 0.05, and in control animals it was 1.06 t 0.09 (P < 0.05; Fig. 6 ).
DISCUSSION
One of the major findings of this study is that leukocytes play an important role in the vascular resistance changes during myocardial ischemia and that leukocyte depletion results in a progressive increase in flow to ischemic myocardium.
The role of leukocytes in acute myocardial infarction as a reaction to tissue necrosis has been well established (4,36). At 12-24 h after myocardial infarction, leukocytes accumulate at the margin of the necrotic area and migrate inward. Over the course of several days, leukocyte infiltration covers the entire ischemic area, and these cells participate in removing the necrotic debris and area at risk in acute myocardial ischemia in dogs. This may be the result of a decrease in the inflammatory cell response secondary to complement depletion (22). Furthermore, leukocyte depletion decreases the extent of irreversible cell death (32). The mechanism of salvage may be by preventing microvascular obstructive flow decreases and/or by preventing granulocyte-induced injury to myocytes. In our studies of the no-reflow phenomenon, we demonstrated that granulocytes progressively accumulate in the microvasculature in ischemic myocardium via collateral blood flow (X2), and it has been well shown that collateral flow falls (18) and microvascular resistance increases (14, 17, 20) during ischemia. Pharmacological alteration of granulocytes also salvages ischemic myocardium (10, 33). Furthermore, accumulation of granulocytes in the microcirculation occurs in an apparently random (stochastic) fashion at the capillary level (12). This phenomenon was uniform throughout the ischemic area and was not confined to the periphery or margin of the infarction. These findings raise the possibility that granulocytes might actively participate in ischemic damage by either biochemical consequences of activation within the microcirculation or by mechanical plugging of the microcirculation leading to further decreases in collateral blood flow. Mullane and co-workers (30) have shown that there is significant leukotriene production in ischemic myocardium very early in the ischemic period and that this leukotriene production is from leukocytes and not from cardiac myocytes or endothelial cells. Since leukotrienes may be vasoconstrictors or may activate additional granulocytes, the mechanical and biochemical effects of granulocytes are difficult to separate (29). Furthermore, oxygen free radical production by granulocytes or capillary endothelium has been implicated as a mechanism of damage (16, 27, 31), and oxygen free radical scavengers such as superoxide dismutase and catalase may alter the pattern of injury (23).
To evaluate the role of mechanical obstruction of the microvasculature in this early ischemic response, we carried out the currently reported studies. We hypothesized that leukocytes might alter the progressive changes in flow during myocardial ischemia by either mechanical obstruction of the microvasculature or possible production of vasoconstrictor and/or vasodilator substances. We therefore designed our experiments in such a way that the only difference between the leukocyte-depleted and control animals would be a reduction in the granulocyte count perfusing the coronary arteries. We essentially achieved this goal as demonstrated in Table 1 . There were no systemic hemodynamic differences between control and leukocyte-depleted animals. Furthermore, there were no important hematological differences other than granulocytes in the coronary perfusion line, with the possible exception of a trend toward a decreased platelet count in the leukocyte-depleted animals. The mean platelet count in the leukocyte-depleted coronary perfusion line of 73,OOO/pl should have been quantitatively adequate to preserve overall platelet function and granulocyte-platelet interactions during the coronary perfusion, and platelet dysfunction or activation due to extracorporeal circulation should have been equivalent in the two groups, However, subtle biological differences based on the trend toward fewer platelets cannot be completely excluded.
A striking finding was the directionally opposite change in flow to the ischemic area between the control and leukocyte-depleted animals, despite a constant and in the ischemic endocardium (14, 17, 18, 20) . This change in flow has been associated with a change in the permeabilit y-to-surface area ratio, implying either an increase in v&ular permeability, a decrease in effective perf'used capillary surface area, or both (20). Our findings indicate that this progressive decline in flow to the ischemic area is prevented by leukocyt,e depletion. Furthermore, a surprising finding was t,he increase in flow over time in the leukocyte-depleted animals. This finding suggests two possible mechanisms. First, leukocytes might produce a vasoconstrictor substance that restricts collateral blood flow. Leukotrienes have been shown to cause vasoconstrict ion, but the effect. is transient (13, 29) . However, the evidence from f'our ot.her studies demonstrating a small degree of coronary vascular reserve in response to adenosine during myocardial ischemia suggests that this mechanism may be involved (2, 9, 17). Adenosine does effect granulocyte function. Adenosine has been shown to block the oxygen radical production response of stimulated granulocytes (9) , but the effect of adenosine on the production of vasoactive substances is unknown. A second possibilit,y is that. t.here is progressive dilation of coronary collaterals during ischemia, but, in whole bloodperfused hearts, progressive leukocyte capillary plugging and obstruct,ion of the microcirculation reduces flow to a greater extent than collateral dilation and results in a net decrease in flow. In the absence of leukocytes this progressive opening of collateral flow is unmasked.
The left anterior descending perfusion pressure of 29-:31 mmHg in our studies falls between the values of 25 and 35 mmHg employed by Canty and Klocke (6). These investigators demonstrated vasodilator reserve in response to adenosine in the endocardium at 35 mmHg but not at 25 mmHg. However, this effect of adenosine was measured immediately after the onset of ischemia. It may be that this dilatory reserve was exactly what we observed to develop over time in the granulocyte-deplet,ed animals, but this arteriole dilation is masked by an increase in capillary resistance by leukocyte capillary plugging or vasoconstrictor production by granulocytes in the whole blood-perfused heart. To evaluate the site of' t.he fall in vascular resistance during ischemia, a loadline analysis can be applied (38). Calculation of the collateral resist.ance between the circumflex and the left anterior descending coronary artery assumes that the left anterior descending artery pressure represents peripheral collateral pressure (Table 2) . With this assumption, it is clear that collateral resistance fell in the leukocytedepleted animals, because flow increased by more than 50% in the endocardium with a constant pressure gradient. Hematocrit did not change, so we assume that viscosity was constant. We are hesitant to conclude that resistance increased in the control animals because of the small changes seen. The microvascular or distal resistance cannot be calculated, because we do not know the downstream or distal pressures.
The finding of an 11% increase in tissue water content in control ischemic endocardium but not in leukocytedepleted animals suggests that leukocytes are directly involved in the capillary filtration effects of acute ischemia. This finding is similar to the role of granulocytes in edema formation in other types of injury (37). It is also possible that individual ischemic myocytes swell less in the leukocyte-depleted animals, because their lipid membranes have not been exposed to granulocyte-produced oxygen radicals or other toxic effects from granulocytes. In either event, the difference in edema formation would also contribute to the decrease in flow to the ischemic area in control animals by vascular compression effects. Flow increases in the leukocyte depleted animals are clearly not related to tissue water content effects.
Other factors that might relate to the findings we observed are the effects of the Tygon tubing, f"&ers, and the Sarns roller pumps on the circulation. Tygon tubing is known to activate the complement system, which might augment leukocyte accumulation in the ischemic area. Other effects of complement on the microcirculation would be expected to be the same in both the leukocyte-depleted and control animals. Effects of the Sarns roller pump in platelets and red blood cells would also be the same in both control and leukocyte-depleted animals, as these pumps were distal to the Leukopak filters.
When platelet microemboli are present, they result in a uniform nonreperfusion of the capillary bed in reperfusion studies, whereas the no-reflow phenomenon is a stochastic capillary process (12). Thus the effect of platelet, microembolium is detectable by histological analysis of capillaries, even if' the platelet embolism is not seen in the section being studied. In over ZOO tissue sections in these animals we found only two instances of platelet microembolism (one in a leukocyte-depleted animal), and platelet emboli could not therefore be an important mechanism in our studies.
The difference in flow at 5 min of ischemia between leukocyte-depleted and control hearts was not statistically significant, but deserves comment. This finding was likely due to the effects of granulocytes on microvascular resistance. Despite their small number relative to erythrocytes in the normal microcirculation, they contribute significantly to resistance, because of a long dwell time and high resistance due to near total obstruction of the capillary during transit. &aide et al. (5) have shown a sustained increase in microvascular resistance of about 30% after leukocyte injections in skeletal muscle, and the resistance increase correlated with the number of retained granulocytes. This increase in resistance occurred in a maximally dilated vascular bed, demonstrating a specific mechanical and not vasoconstrictor effect. Thus the trend toward higher initial ischemic flow in granulocyte-depleted dogs may have been due to microvascular granulocyte depletion during the stabilization period after coronary cannulation, but prior to ischemia, and not due to an anatomic difference between groups.
Another major finding in this study regards the noreflow phenomenon (24). In the leukocyte-depleted hearts, a significantly lower percentage of capillaries were obstructed than in control hearts. Stated another way, in a leukocyte-depleted heart, reperfusion occurred in 99 pi3 of endocardial capillaries and 95% of epicardial cwl,illaries in the ischemic area. In contrast, in control hearts following comparable periods of &hernia and comparable flow reduct.ions, reperfusion was incomplete and obstruction of some of' the microcirculatory bed was evident in '24S of' epicardial and 27% of endocardial capillaries. The difference in leukocyte frequency between control and leukocyte-depleted hearts (Table 3) confirms that the filters were effective in preventing leukocvt e accumulation in t.he capillaries. These findings confirm our previous results and indicate t)hat leukocyte capillary plugging is an important mechanism in the noreflow phenomenon (12). In the studies of the no-reflow phenomenon, we subjected hearts to 1, 3, or 5 h of ischemia in vivo and then reperfused the hearts in vitro with lactated Ringer solution and carbon suspensions ( IV We f'ound a correlation between the fraction of caiiilaries without. reflow and the frequency of granulocytes in capillaries. We also showed an accumulation of granulocvtes in the ischemic microcirculation (capillaries) comiared wit.h normally perfused myocardium. The no-reflow phenomenon that we observed was a capillary phenomenon, with lact,ate reperfusion of arterioles and venules. No-reflow capillaries had high hematocrits, suggest ing obstruction with continued reflow of some blood and egress or passage of plasma but not erythrocytes. Capillarv platelet plugs were not seen. We have herein reported findings on the no-reflow phenomenon in a limited number of animals. It is important to note in t,his regard that the protocol we followed for reperf'usion was identical to the one used in OUT previous study (12) . The results in our control animals reported here are similar to the previously reported results. The finding that. lack of reperfusion occurred in a random capillary-by-capillary basis, and that the larger microvessels (that is, arterioles and venules) remain patent, was again seen. The significant difference between the reflow fraction in t.he two groups, in the current study, confirms the role of granulocytes in capillary noreflow f'ollowing ischemia. The virtually complete elimination of the no-reflow phenomenon by granulocyte deplet ion is proof' of the hypothesis that leukocyte capillary plu~~ing is the major cause, during the 1st h of myocardial &hernia. It is evident f'rom these studies that granulocyte accumulation in the microvascular bed occurs already in the 1st h in response to ischemia. Mechanical obstruction leads to further decreases in collateral flow and edema, and accumulat.ion of granulocytes may lead to f'urt her injury by chemokinetic activation.
The coexistent mechanisms of edema leading to vascular compression and of endothelical injury were not present in our leukocyte-depleted animals and thus appear to be mediated in part by granulocytes also (19, 37).
Another finding was a striking difference in the incidence of' primary ventricular fibrillation and ventricular arrhythmias. The difference in ventricular fibrillation could have been due to leukocyte depletion. Previous studies in animals depleted of leukocyt,es suggested this et'fect (33). We do not have myocardial blood flow measurements in enough of the animals that fibrillated to be certain that initial flow dif'f'erences were not a significant factor as well,
The lower incidence of premature ventricular beats and ventricular tachycardia in leukocyte-depleted animals was also highly significant. This effect could be due to the prevention of lipid peroxidation (7), to subtle differences in geometry and flow between animals, or to other biochemical effects of granulocytes (19).
Where are the granulocytes coming from and why haven't they been seen before (36)? The small collateral flow we observed (0.12 ml l rein-' *g-l) contraining a leukocyte count of 5.2 x lO:'/mm" could deliver all of the leukocytes we observed in the capillaries in a few minutes. Furthermore, the leukocyte frequency we measured would occupy a volume fraction in myocardium of less than 0.2%. Previous histological observations have looked for tissue infiltration, not individual granulocytes in capillaries. The intracapillary granulocytes we observed are stochastically (randomly) distributed on the basis of microvascular rheology such that two cells tend to not be in the same capillary and thus they have a maximally distributed effect. The number of cells we observed blocked 27% of the capillaries in the presence of reperfusion.
We conclude that the early l-h part%icipat,ion of granulocytes in acute myocardial ischemia has significant effects on myocardial blood flow, edema, microvascular obstruction on reperfusion, and on arrhythmias. 
